Ecological sociobiology is an emerging field that aims to frame social evolution in terms of ecological adaptation. Here we explore the ecological context for evolution of quorum sensing diversity in bacteria, where social communication is limited to members of the same quorum sensing type (pherotype). We sampled isolates of Bacillus subtilis from soil on a microgeographical scale and identified three ecologically distinct phylogenetic groups (ecotypes) and three pherotypes. Each pherotype was strongly associated with a different ecotype, suggesting that it is usually not adaptive for one ecotype to 'listen' to the signalling of another. Each ecotype, however, contained one or more minority pherotypes shared with the other B. subtilis ecotypes and with more distantly related species taxa. The pherotype diversity within ecotypes is consistent with two models: first, a pherotype cycling model, whereby minority pherotypes enter a population through horizontal genetic transfer and increase in frequency through cheating the social interaction; and second, an occasional advantage model, such that when two ecotypes are each below their quorum densities, they may benefit from listening to one another. This is the first survey of pherotype diversity in relation to ecotypes and it will be interesting to further test the hypotheses raised and supported here, and to explore other bacterial systems for the role of ecological divergence in fostering pherotype diversity.
Introduction
Ecological sociobiology is an emerging field that aims to frame social evolution in terms of ecological adaptation. Bacterial sociobiology has recently addressed fundamental questions of social evolution, including the genetic bases of social interactions (West et al., 2006; Foster, 2011) and the ecological drivers of cooperation and social conflict (Brockhurst et al., 2007; Vos and Velicer, 2009; Kraemer and Velicer, 2011) . Quorum sensing (QS) is a paradigm mechanism of cooperative behaviour in bacteria, which operates through secretion of small molecules into the environment that, upon reaching a critical concentration, induce adaptive responses in a population (Henke and Bassler, 2004; Williams et al., 2007) . In Bacillus subtilis, a soil-dwelling, Gram-positive social bacterium, QS leads to a pleiotropic response that comprises communal production of surfactins, extracellular enzymes and exopolymeric substances, as well as induction of competence for genetic transformation (Dubnau, 1991; Tortosa et al., 2001; Ansaldi et al., 2002; Comella and Grossman, 2005; Lopez and Kolter, 2010) . The secreted substances are adaptive at high density and are considered 'public goods', since they are resources that are costly to produce, but provide a benefit to all the individuals in the local group or population (West et al., 2006; Diggle et al., 2007) .
The comQXPA locus controls QS dynamics in Bacillus: the comQ gene is involved in modification and export of the signalling peptide ComX, which is then bound by a membrane histidine kinase ComP, activating the response regulator ComA and leading to a change in global gene transcription (Weinrauch et al., 1990; Magnuson et al., 1994; Solomon et al., 1995; Tortosa and Dubnau, 1999; Tortosa et al., 2001; Schneider et al., 2002) . Previous studies indicated a functional polymorphism at the comQXPA locus within B. subtilis, resulting in diversification into separate social groups (pherotypes) with high specificity of QS response: QS signalling within a pherotype is possible, while QS signalling between pherotypes is impaired (Tran et al., 2000; Tortosa et al., 2001; Ansaldi et al., 2002; Stefanic and Mandic-Mulec, 2009 ). Intraspecies diversity of QS systems has also been observed in other Gram-positive bacteria, such as Streptococcus pneumoniae and Staphylococcus aureus (Håvarstein et al., 1997; Novick and Geisinger, 2008) .
Diversification of QS pherotypes among close relatives has been proposed to play an adaptive role in speciation by promoting genetic isolation (Håvarstein et al., 1997; Tortosa and Dubnau, 1999; Claverys and Martin, 2003) . However, evolution of sexual isolation is likely to be of only minor adaptive value in bacteria, since the rate at which genes are transferred between populations is extremely low (Vos and Didelot, 2009) , and maladaptive genes transferred from other populations can be kept at negligible frequencies by natural selection against them (Cohan, 1994a,b; Cohan and Koeppel, 2008; Vos, 2011; Wiedenbeck and Cohan, 2011) .
Here we address several hypotheses relating to the origins of pherotype diversity within B. subtilis. First, we address the hypothesis that pherotype divergence is an adaptation to ecological diversity. This is motivated by the possibility that closely related but ecologically distinct populations (ecotypes) may generally differ in the conditions under which production of stationary-phase public goods is adaptive. In this case, one population sharing a pherotype with another population may be deceived into producing public goods that would primarily benefit the other. This ecotype-driven hypothesis predicts a correspondence between pherotypes and ecotypes, where each ecotype in the community is predominated by a different pherotype.
We also address two alternative hypotheses each predicting that, while ecotypes differ in their predominant pherotypes, they will also contain one or more minority pherotypes shared with other ecotypes. In the pherotype cycling hypothesis, pherotype diversity within an ecotype is driven by social conflict within an ecotype, as recently modelled by Eldar (2011) . The model is based on the assumption that within an ecotype, cheaters may arise that exploit the secreted molecules induced by QS that are produced by cooperators (Griffin et al., 2004; Diggle et al., 2007) . This hypothesis predicts a fitness advantage for rare pherotypes within an ecotype and further predicts a cycling of pherotypes within an ecotype, with pherotype diversity within an ecotype predicted at any time of sampling.
In an alternative hypothesis, pherotype diversity within ecotypes is predicted to stem from an occasional advantage to communication across ecotypes. For example, there may be one microhabitat where each of two ecotypes is always below the density required for QS, and so the benefits of QS would accrue only through communication between ecotypes. Thus, sharing of pherotypes would be adaptive in this particular microhabitat but not in others, leading to a polymorphism of pherotypes within each ecotype. In summary, the ecotype-driven hypothesis predicts that each ecotype in the community will be predominated by a different pherotype, while the pherotype cycling and occasional communication hypotheses both predict that each ecotype will contain one or more minority pherotypes.
To test these hypotheses, we aimed to identify the closely related ecotypes within a microscale collection of B. subtilis on a riverbank, and assayed for correspondence between pherotypes and ecotypes. The microscale collection was comprised of B. subtilis strains isolated from 1 cm 3 soil samples obtained from the sandy bank of the River Sava in Slovenia. The close proximity of strains was intended to ensure that organisms within the sample have had an opportunity to interact ecologically through competition and behaviourally through secreted products. The strains were previously found to be nearly identical in one housekeeping gene (gyrA), but highly diverse in the QS comQ gene; we also showed that diversity of comQ in the microscale collection correlates with the specificity of the B. subtilis social (QS) interactions and with diversification into three pherotypes (Stefanic and Mandic-Mulec, 2009) .
Testing hypotheses about the diversity of pherotypes within and between ecotypes of course requires us to identify the ecotypes. As we have previously noted (Cohan and Perry, 2007) , it is difficult to anticipate the phenotypic attributes that are responsible for the adaptive divergence among ecotypes, and so it is difficult to use phenotype to identify and demarcate ecotypes. Instead, we have used a universal, molecular approach to discover the boundaries of ecotypes ; we analysed sequence diversity through Ecotype Simulation (ES) to identify ecologically distinct populations of B. subtilis within the microscale collection and from other soil collections (Roberts and Cohan, 1995; Koeppel et al., 2008; Connor et al., 2010) . Ecotype Simulation models the history of DNA sequence evolution of housekeeping genes (i.e. not known to have a role in ecological or behavioural diversification) within a bacterial clade to hypothesize ecotypes, each defined as a set of strains that exploit a very similar ecological niche and compete for the same resources. Ecotype Simulation analysis of sequence data has previously identified multiple ecotypes within recognized species taxa, and the ecotypes so identified were independently confirmed to be ecologically distinct, as seen in Legionella , Bacillus Connor et al., 2010) , and among extremely close relatives not yet classified by bacterial systematics in Synechococcus (Ward et al., 2006; Becraft et al., 2011; Melendrez et al., 2011) . Previous ES analyses of the B. subtilis-B. licheniformis clade indicated 31 putative ecotypes in a collection of closely related strains (Connor et al., 2010) , and they were confirmed to be ecologically distinct based on their associations with different solar exposures , soil textures (Connor et al., 2010) , elevations, rhizospheres and salinities (S. Kopac and F. M. Cohan, unpubl. data) and through physiological adaptations to their habitats (Connor et al., 2010) .
Here we present the first survey of pherotype diversity among closely related ecotypes. We have used ES to demarcate putative ecotypes through analysis of sequence diversity within the microscale collection, and we will demonstrate ecological divergence among the putative ecotypes by examining their metabolic patterns and geographical distributions. We will provide evidence for the ecotype-driven hypothesis of pherotype diversity by showing significant heterogeneity among ecotypes in their pherotype associations. We will also provide evidence for the pherotype cycling and occasional communication hypotheses, by showing that each ecotype contains minority pherotypes that are shared with other ecotypes. Finally, we will provide evidence for social communication among more distant relatives within the B. subtilis-B. licheniformis clade.
Results

Phylogeny
A maximum-parsimony tree of the Slovenian riverbank isolates and reference strains from the B. subtilis-B. licheniformis clade was constructed based on the recombination-free concatenation of three protein-coding genes (dnaJ, gyrA and rpoB) (Fig. 1A) . All of the riverbank (PS) strains were more closely related to B. subtilis ssp. subtilis than to any other taxon. Sixteen PS isolates were in a clade containing the B. subtilis ssp. subtilis strain 1A2, which was previously demarcated as PE 10 (Putative Ecotype 10) by ES , four PS isolates were in a clade previously demarcated as PE 22, an ecotype recently discovered in Death Valley (Connor et al., 2010) , and 19 strains were found to constitute a previously unknown clade (here labelled PE 32, see below).
Sequence diversity of QS genes
The sequences of the three QS genes (comQXP) from riverbank isolates formed three pherotype-defining sequence clusters, as reported previously for the partial comQ gene sequence (Stefanic and Mandic-Mulec, 2009) (Fig. 1B) . The nucleotide identity among sequence clusters based on the concatenated com genes was extremely low, at only 47.1-53.7%, with highest diversity observed within the comX gene (28.8-44.8% identity). The clustering of strains was congruent across all three genes, consistent with co-adaptation of alleles across loci. No riverbank QS gene clustered in the fourth known pherotype sequence group (the RO-E-2 group), which so far remains composed exclusively of desert strains.
Ecotype Simulation analysis
Ecotype Simulation analysed the three-gene concatenation of dnaJ, gyrA and rpoB for the riverbank isolates and reference strains within the B. subtilis-B. licheniformis clade. To begin ES, the recombinant-free sequence diversity was characterized by a lineage-through-time curve (Fig. S1 ) (Martin, 2002; Acinas et al., 2004; Koeppel et al., 2008) . This curve represents the history of cladogenesis among lineages of this clade that were included in our sample. ES analysed the clade sequence diversity curve to estimate the rates of ecotype formation and periodic selection, as well as the number of ecotypes (n).
Ecotype Simulation estimated the rate of periodic selection [0.929; confidence interval (CI) 0.132-4.41] to be much greater than the rate of ecotype formation (0.0236; CI 0.0160-0.0351) (all rates are per nucleotide substitution in the concatenation), which is consistent with the Stable Ecotype model of bacterial speciation (Cohan and Perry, 2007) . Ecotype Simulation estimated the number of ecotypes at n = 32 (CI 23-42). The fit of the ES-estimated parameters to the observed clade sequence diversity curve is shown in Fig. S1 . Putative ecotypes were demarcated by finding the most inclusive subclades that were each consistent with containing a single ecotype (i.e. n = 1), as previously described (Fig. 1A) .
Ecotype Simulation demarcated the riverbank isolates into three ecotypes, PE 10, 22 and 32, all classified to B. subtilis ssp. subtilis (Fig. 1A) . We next tested whether these putative ecotypes were ecologically distinct from one another through criteria of metabolism and geographical distribution.
Carbon-source utilization patterns
We used phenotypic microarray plates to examine metabolic diversity in the three putative ecotypes sampled on the riverbank, as well as another closely related ecotype found so far only in desert habitats (PE23). The phenotypic assays were conducted in duplicate, with high reproducibility (r 2 Ն 0.97 for each metabolite) (Fig. S2 ). In analyses of variance, the four putative ecotypes were significantly heterogeneous for every metabolite (before accounting for multiple comparisons). After accounting for multiple comparisons, Fisher's combined probability test indicated significant heterogeneity across the four ecotypes for the pool of metabolites (P < 10 -6
). The sequential Bonferroni adjustment identified 40 metabolites showing significant heterogeneity across ecotypes (Table S1 ). While most of the heterogeneity was due to differences between the exclusively desert ecotype (PE23) versus the other three, there were three metabolites that revealed significant heterogeneity among Ecological drivers of bacterial social evolution 3 the three riverbank ecotypes (Tween-20, tyramine, Mhydroxyphenylacetic acid) (Table S1 ).
Geographic distribution of riverbank ecotypes
We further tested for ecological distinctness among the three riverbank ecotypes by comparing their associations with desert versus riverbank habitats. Including the isolates from the Negev Desert , Death Valley (Connor et al., 2010) , and the Mojave Desert (Roberts and Cohan, 1995) , the four putative ecotypes were significantly heterogeneous in their habitat associations (desert versus riverbank) (Table 1, P < 0.001 in Fisher's exact test). Moreover, even when the ecotype not observed on the riverbank (PE23) was excluded, the three riverbank ecotypes were significantly different in their habitats of isolation (P = 0.012), with PE32 contrasting with the other two riverbank ecotypes in never having been sampled from deserts.
Pherotype diversity within and among ecotypes
The demarcation of ecotypes allowed examination of the correspondence between ecotypes and pherotypes. The three riverbank putative ecotypes were significantly heterogeneous in their pherotype frequencies (Fisher's exact test, P = 0.00165), and each putative ecotype was dominated by a different pherotype: PE32 was dominated by the ROH1/ROB2 pherotype, PE10 was dominated by the 168 pherotype, and PE22 was dominated by the RSD2/ NAF4 pherotype ( Fig. 1A and Table S2 ). However, each ecotype also contained one or more minority pherotypes, which were shared with other ecotypes: PE32 contained minority pherotypes RSD2/NAF4 and 168, while PE22 and PE10 each contained minority pherotype ROH1/ ROB2.
Examination of pherotype distributions across species taxa of the B. subtilis-B. licheniformis clade indicated that only one pherotype (RS-D-2/NAF4) in our sample was restricted to B. subtilis, while the other pherotypes were found in several species, suggesting a possibility of horizontal gene transfer and of interspecies communication (Fig. 1B) .
Intra-and inter-species communication
To test for the specificity of communication within and across species taxa, we used as positive controls B. subtilis tester and producer strains (Tortosa et al., 2001; Ansaldi et al., 2002) that were shown to be in the same pherotype. As expected, the B. subtilis 168 tester strain BD2876, which is deficient in pheromone synthesis but carries the specific 168 ComP receptor, did not respond to the tester medium (negative control) but responded strongly to spent medium from B. subtilis BD2833, which produces the 168 pheromone (positive control). The tester strain also responded positively to spent medium from the B. subtilis riverbank isolate PS-11, demonstrating intraspecies activation within the 168 pherotype ( Fig. 2A) . Similarly, another B. subtilis tester strain, carrying the B. subtilis BD3020 ComP receptor of the RO-E-2 pherotype, responded only slightly to the tester medium lacking its specific pheromone (negative control) but responded strongly to B. subtilis BD2940, which produces the RO-E-2 pheromone (positive control), again demonstrating intra-species communication (Fig. 2B) .
In addition, two sets of tester/producer strains were included in this study to demonstrate that pherotype A. The phylogeny is based on a maximum parsimony analysis of the recombination-free concatenation of dnaJ, gyrA and rpoB of all strains listed in Table S4 , rooted by strain C-125 of B. halodurans. Bootstrap support at > 50% is indicated, except for nodes within putative ecotypes. The bracketed ecotype demarcations indicate the largest clades consistent with containing a single ecotype (by Ecotype Simulation). Type strains are indicated by a 'T'. Putative ecotypes 1-31 were demarcated previously (Connor et al., 2010) . All known ecotypes from the B. subtilis-B. licheniformis clade (Connor et al., 2010) were analysed phylogenetically by MEGA and for ecotype demarcation by Ecotype Simulation, but only those strains from the subclade including B. subtilis and B. mojavensis are shown in this figure. B. Minimum evolution tree of com sequences (comQ, comX and partial comP sequences -1402 bp). The tree was drawn using the minimum evolution method after multiple alignment in MEGA 4 software (Tamura et al., 2007) . The neighbour joining algorithm was used to generate the initial tree. The trees were drawn to scale, with branch lengths in the same units as those of the evolutionary distances used to infer the phylogenetic tree. The evolutionary distances were computed using the Maximum Composite Likelihood method and are in the units of the number of base substitutions per site. All positions containing gaps and missing data were eliminated from the data set. The numbers at internal branches represent the bootstrap values estimated from 1150 re-samplings and bootstrap support at > 50% is indicated. Strains are marked with a shape and colour representing their ecotype and pherotype respectively. Unmarked strains were used as additional reference strains. (Tortosa et al., 2001; Ansaldi et al., 2002) . The activation of the QS response was not achieved if these tester and producer strains were each exposed to their own conditioned medium (negative controls, Fig. 2C and D) . However, the QS response was activated when testers were exposed to the conditioned medium of the cognate producers, B. subtilis BD2913 or BD2936 producing ComX of the ROH1/ROB2 pherotype ( Fig. 2C and D) . These results indicate that introduction of QS loci from a different species (B. mojavensis) into B. subtilis leads to productive communication (Fig 2C and D) , providing evidence that horizontal transfer of QS loci can introduce a new pherotype into a species. Next we tested the potential for inter-species communication across three species taxa: B. subtilis, B. mojavensis and B. amyloliquefaciens (Fig. 2B-D) . Bacillus subtilis BD3020 responded positively to B. amyloliquefaciens PS-207 (both of pherotype RO-E-2, Fig 2B) . Also, B. subtilis BD2983, carrying the B. mojavensis ROH1/ ROB2 ComP responded to B. subtilis PS-210 (Fig. 2C) . Finally, the B. subtilis tester strain BD2962, carrying the B. mojavensis ComP receptor of the ROH1/ROB2 pherotype, responded positively to B. amyloliquefaciens PS-207 (Fig. 2D ).
Discussion
The microbial world is rich in cooperative behaviours that result in density-dependent fitness benefits associated with QS (Foster, 2011) . However, the ecology of cooperation is poorly understood and investigations addressing this fundamental issue are lacking (Gardner and Foster, 2008 ). Here we have investigated patterns of QS diversity in connection to ecological diversity in a model social bacterium, B. subtilis, in an attempt to understand the origins and evolutionary maintenance of QS specificity groups, or pherotypes.
Ecological diversity among microscale B. subtilis isolates
We examined ecological diversification among microscale isolates of B. subtilis to determine whether the pherotypes correspond to ecologically distinct populations. The microscale isolates from riverbank soil formed three putative ecotypes, as identified by ES. One was a novel ecotype (PE32), found so far only in the riverbank habitat, while the other two riverbank putative ecotypes (PE10 and 22) were previously found in desert soils Connor et al., 2010) (Fig. 1A, Table 1 ).
The putative ecotypes hypothesized by ES analysis appear to be ecologically distinct, as predicted, based on two criteria. First, the four putative ecotypes tested here (including one ecotype isolated only from desert soils) were found to be metabolically distinct, and some of these metabolic differences could contribute to ecological differences among the putative ecotypes. Second, ecological heterogeneity among the four putative ecotypes was indicated by differences in their associations with desert versus riverbank habitats. One riverbank putative ecotype has never been isolated from desert habitats (PE32), while the other two have commonly been observed in different deserts of the world (Table 1) . Because the B. subtilis taxon has shown an extremely high rate of intercontinental dispersal (Roberts and Cohan, 1995) , the difference in habitat association can be ascribed to ecological differences rather than random differences in the history of colonization of different regions (Diniz-Filho and de Campos Telles, 2000; Horner-Devine et al., 2004; Polz et al., 2006; Connor et al., 2010) .
The co-existence of multiple ecotypes within B. subtilis ssp. subtilis on the riverbank microscale is consistent with the vast diversity seen more generally in soil bacteria (Roesch et al., 2007; Elshahed et al., 2008) . Soil provides, even below the 1-mm scale, a fertile ground for competition, cooperation, co-existence and continuous diversification of microorganisms due to high spatial heterogeneity, uneven distribution of organic resources, and dynamic environmental gradients (Nunan et al., 2003; Grundmann, 2004; Prosser et al., 2007; Stefanic and Mandic-Mulec, 2009 ).
Close but imperfect associations between pherotypes and ecotypes
In our microscale of sampling, we found that each ecotype of B. subtilis ssp. subtilis was dominated by a different pherotype (Table S2 ). This is consistent with our proposed ecotype-driven hypothesis of pherotype diversity, where each ecotype generally requires QS under a unique set of conditions, so that it is therefore usually maladaptive for members of one ecotype to listen to the signals sent by another. Testing this hypothesis would place a majority ecotype in competition with a rare ecotype, with the expectation that the rare ecotype will usually fare best when it cannot listen to the majority ecotype.
We note also that while the association between ecotypes and pherotypes is highly significant, it is not perfect. Each ecotype contains one or more minority pherotypes shared with the other local ecotypes. One possibility is that, owing to a lack of molecular resolution, the ecotypes that we have demarcated may not be the most newly divergent populations, in which case a finergrain analysis (perhaps based on the entire core genome) may show a more perfect correspondence between ecotypes and pherotypes.
Another explanation is a pherotype cycling model, where any minority pherotype within an ecotype has an advantage and increases in frequency within the ecotype over time. A less common pherotype may represent a cheating subpopulation that feasts on public goods contributed to the extracellular environment by its kin, without investing energy to synthesize them, thereby gaining a reproductive advantage (Velicer et al., 2000; Dugatkin et al., 2005; Diggle et al., 2007; Ross-Gillespie et al., 2007; Czaran and Hoekstra, 2009) , as illustrated in Fig. 3 . The fitness advantage, however, would persist only as long as the frequency of the cheating pherotype is low. The rare-pherotype advantage is expected to result in cycling of pherotypes within an ecotype (Fig. 3) , reminiscent of the snow drift game (Gore et al., 2009) . As the frequency of a pherotype increases from rarity to abundance within an ecotype, the former cheater would reach a high enough density to reach a quorum and start producing public goods. The now-abundant pherotype would then become vulnerable to cheating by any other pherotype that is rare, and so on. This cheating hypothesis could be tested through competition experiments involving pairs of pherotypes within one ecotype, with the expectation that any minority pherotype will generally increase in frequency in the context of competition within the ecotype.
While the pherotype cycling hypothesis explains the maintenance of diversity within ecotypes, we need to explain why the minority pherotypes are never unique to an ecotype, but are always shared with other ecotypes in the community. One possibility stems from the limited number of pherotypes available to members of B. subtilis and closely related species taxa. We have so far identified only four pherotypes in B. subtilis and related species taxa (Ansaldi et al., 2002; Stefanic and Mandic-Mulec, 2009) , suggesting that invention of new pherotypes by mutation is extremely slow, possibly due to structural constraints associated with preservation of ComQ-ComX and ComX-ComP interactions. Thus, while the pherotype cycling model suggests strong selection within an ecotype for any novel pherotype, whether introduced by mutation or recombination, the paucity of possible pherotypes probably results in pherotypes entering new populations usually through genetic transfer.
Indeed, we have provided evidence that transfer of pherotype determinants across ecotypes could occur freEcological drivers of bacterial social evolution 7 quently in nature. First, we have demonstrated that transfer of com genes can transform the pherotype of the recipient strain, even across species taxa (Fig. 2) . Second, comQXP genes for an alternative pherotype are likely to reside close by in nature. Different ecotypes live in proximity, as shown by the diversity of closely related ecotypes within our microscale sample. Moreover, we found that the ecotypes largely differ in their predominant pherotypes, and so a nearby ecotype is a potential donor to contribute a novel pherotype determinant. Even though recombination among closely related bacteria occurs at low frequencies (Vos and Didelot, 2009) , only a single transfer of a new pherotype's com genes would suffice; these genes would likely increase in frequency due to positive selection owing to the rare-pherotype advantage.
An alternative explanation for pherotype diversity is based on a possible occasional advantage of communication across ecotypes. We have shown that sharing of pherotypes across closely related ecotypes and even between more distantly related species taxa creates a potential for communication (Fig. 2) . While it is apparently adaptive for ecotypes not to listen to one another most of the time, we hypothesize that there are occasional circumstances when listening across ecotypes may be adaptive. For example, in one kind of microhabitat (such as one type of soil particle), two ecotypes may always be Fig. 3 . Mechanism of cycling of pherotype frequencies within an ecotype. Red dots represent bacterial strains of the same ecotype, halos represent pheromones, halo colour indicates pherotype, and halo size represents the relative concentration of the produced pheromone. A stable community is composed of abundant cooperators and rare cheaters (bacterial cells of different pherotypes) that feast on the public goods (e.g. extracellular enzymes) provided by dominant cooperators (left). The cheaters do not produce their public goods because they are too low in frequency to induce the quorum sensing response. As cheaters of different pherotypes increase in frequency due to low-frequency advantage, the community fails to produce public goods and thus becomes unstable (centre). Stochastic overgrowth of one pherotype is predicted to be required to stabilize the community. A dominant pherotype may be the same (blue halo) as initially or switched to a different dominant ecotype (yellow, green or red halo) after outgrowth (right and bottom). Note the arrows go in both directions depicting the stochastic nature of pherotype cycling.
at densities too low to reach a quorum on their own and induce production of public goods. In this particular habitat, both ecotypes will perform better if they can communicate with each other, and thus there is an adaptive value to sharing a pherotype in this habitat. We note that this hypothesis is derived from the 'green-beard' theory of social interactions, where organisms with a particular gene can recognize other carriers of that gene (in this case, alleles in the QS system), which causes them to act nepotistically towards these carriers even if they are not genealogical relatives (Smukalla et al., 2008; Gardner and West, 2010) .
We show here for the first time that even on a microscale, B. subtilis strains diversify into distinct ecotypes that are each largely associated with a different pherotype. This supports the hypothesis that pherotype divergence is an adaptation to ecological divergence. However, the existence of one or more minority pherotypes within each ecotype that are shared with other ecotypes suggests one of two possible models, first where rare pherotypes derive a fitness advantage within an ecotype by cheating the majority pherotype, and second where listening to another ecotype is adaptive under a small fraction of circumstances. These results provide a testable framework for understanding how ecological divergence and competition drive the diversity of pherotypes. This first analysis of pherotype diversity among closely related ecotypes suggests that other bacterial systems should be investigated for the role of ecological divergence in fostering pherotype diversity.
Experimental procedures
Bacillus strains
For pherotype and metabolic analyses we included 39 isolates of B. subtilis ssp. subtilis and one isolate of B. amyloliquefaciens from two microscale samples of 1 cm 3 of soil from the sandy bank of the Sava River in Slovenia (Stefanic and Mandic-Mulec, 2009 ), as well as 13 desert isolates sampled on a macroscale, from metres to hundreds of kilometres apart, in the Mojave and Death Valley deserts (Cohan et al., 1991; Roberts and Cohan, 1995) . These included: five isolates of B. subtilis ssp. subtilis, two isolates of B. subtilis ssp. inaquosorum, three isolates of B. subtilis ssp. spizizenii, three isolates of B. mojavensis, the B. subtilis 'natto' strain NAF4 (Tran et al., 2000) , and the B. subtilis laboratory strain NCIB 3610 (Table S3) . Pherotypes of these strains were previously determined (Ansaldi et al., 2002; Stefanic and Mandic-Mulec, 2009 ). Finally, 64 isolates representing every taxon and every previously identified ecotype (Connor et al., 2010) within the B. subtilis-B. licheniformis clade were included as reference strains for ecotype demarcation.
Phylogeny reconstruction
A recombination-free phylogeny was constructed with MEGA, using the maximum-parsimony criterion (Tamura et al., 2007) , based on the concatenation of three protein-encoding genes (dnaJ, gyrA and rpoB), with recombinant fragments removed (as identified by RDP3 through identification by any majority of the seven tests used) (Martin et al., 2010) . The recombination-free alignment was used as input for ES ) (see http://fcohan.web.wesleyan.edu). Phylogenetic and ES analyses included reference strains from each of 31 ecotypes previously demarcated from the B. subtilis-B. licheniformis clade (Connor et al., 2010) .
Ecotype Simulation analysis
Sequence data were analysed in ES to estimate the number of ecotypes (n) and the rates of ecotype formation (W) and periodic selection (s), which were then used to demarcate ecotypes (Fig. 1A) . Each ecotype demarcated by ES represents a clade putatively adapted to a particular set of resources and/or conditions. We will refer to the ecotypes demarcated by ES as 'putative ecotypes'; after they have been confirmed to be ecologically distinct, we will refer to them as 'ecotypes'.
PCR amplification and sequencing
Partial sequences of the gyrA gene were obtained previously (Stefanic and Mandic-Mulec, 2009 ), but larger DNA segments were obtained in this study with additional PCR reactions using gyrA forward primer gyrAF and reverse primer gyrAR (Roberts et al., 1994) , targeting positions 42-1066 of the gyrA gene. The reaction mixture and PCR reaction were as described previously . The dnaJ sequences were amplified with forward primer DnaJF and reverse primer DnaJR (Connor et al., 2010) , targeting positions 31-819 of the dnaJ gene. The reaction mixture and PCR reaction were as described previously (Connor et al., 2010) , except for annealing at 56°C. The rpoB genes were amplified by PCR with primers rpoBF and rpoBRO (Roberts et al., 1994) , targeting positions 6-814 of the rpoB gene. The reaction mixture and PCR reaction were as described previously , except for annealing at 57°C for 50 s.
The internal fragment of the comQXP locus, including comX and part of comP, was amplified by PCR with forward primers (Table S4 ) based on sequence similarity groups identified previously (Stefanic and Mandic-Mulec, 2009 ) and reverse primer P1 (Tortosa et al., 2001) . PCR reactions were performed as described previously (Stefanic and MandicMulec, 2009 ), except for annealing at specific temperatures (Table S4) for 45 s and extension at 72°C for 2 min 10 s. PCR products were purified and sequenced by Macrogen (Seoul, Korea).
Metabolic activity analysis
Carbon-source utilization of 16 Bacillus strains from four ecotypes was examined using the Biolog Phenotype MicroArray plates PM01 and PM2A (190 carbon sources) (Biolog, Hayward, CA, USA). Bacterial suspensions for inoculation of PM01 and PM2A plates were prepared according to the Biolog manual. The utilization of a carbon source was moniEcological drivers of bacterial social evolution 9 tored every 15 min for 48 h, generating information on the kinetics of carbon utilization through analysis with Omnilog-PM software (release OM_PM_109M of Biolog) (Bochner et al., 2001) .
For each metabolite, each strain was analysed in duplicate and the average height of the kinetic curve was entered into a one-way analysis of variance for effects of ecotype, with strain variation as error, using PASW Statistics 18 (IBM, Somers, NY, USA). From the individual P values for each metabolite, we performed an overall test of ecotype metabolic heterogeneity using Fisher's combined probability test. The sequential Bonferroni adjustment for multiple comparisons was used to identify individual metabolites showing significant ecotype heterogeneity. The Tukey a posteriori test was used to identify the ecotypes that were significantly different from one another (with PASW Statistics).
QS response
Quorum sensing responses were measured within and between species using tester strains carrying the srfA-lacZ reporter gene (Tortosa et al., 2001) . Tester strains were grown in competence medium that contained spent medium of other Bacillus strains, and 2 h after entry into stationary phase b-galactosidase activity was measured as a proxy for expression of srfA gene, allowing inferences about the potential for communication between strains (Stefanic and MandicMulec, 2009 ).
Nucleotide sequence accession numbers
Sequences were submitted to GenBank under accession numbers FJ172594-FJ172632 (riverbank gyrA sequences), FJ546319-FJ546340 (desert gyrA sequences), JF960309-JF960361 (rpoB), JF960256-JF960308 (dnaJ) and FJ172555-FJ172593 (QS locus sequences). Fig. S1 . Clade sequence diversity pattern for the B. subtilis-B.licheniformis clade. For both the observed and model curves, sequences for the concatenation of genes were binned by complete linkage clustering into clusters with different levels of minimum pairwise sequence identity, to yield the history of lineage splitting Connor et al., 2010) . The observed curve was based on the actual sequences from our survey of diversity, and the model curve was based on the average number of bins at each criterion level, over 1000 replicate runs of ES, using the parameter trio representing the maximum-likelihood solution (i.e. n = 32, W = 0.0236, s = 0.929). Fig. S2 . Reproducibility of PM tests. Average height Omnilog value of strain PS-53 was calculated over 48 h timecourse for each replicate and plotted as replicate 1 versus replicate 2. Table S1 . The means and standard deviation of PEs for each metabolite in order of descending P-value. Table S2 . Frequency of pherotypes within ecotypes. Table S3 . Strains used in this study. Table S4 . Primers used in amplification and sequencing of com genes.
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